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Individual differences in adult human brain structure have been found to reveal a great
deal of information about variability in behaviors, cognitive abilities and mental and physical
health. Driven by such evidence, what contributes to individual variation in brain structure
has gained accelerated attention as a research question. Findings thus far appear to support
the notion that an individual’s brain architecture is determined largely by genetic and
environmental inﬂuences. This review aims to evaluate the empirical literature on whether
and how genes and the environment contribute to individual differences in brain structure.
It ﬁrst considers how genetic and environmental effects may separately contribute to brain
morphology, by examining evidence from twin, genome-wide association, cross-sectional
and longitudinal studies. Next, evidence for the inﬂuence of the complex interplay between
genetic and environmental factors, characterized as gene-environment interactions and
correlations, is reviewed. In evaluating the extant literature, this review will conclude
that both genetic and environmental factors play critical roles in contributing to individual
variability in brain structure.
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Modern cognitive neuroscience has demonstrated that individual
differences in adult human brain structure is a rich source of infor-
mation about variability in a huge range of behaviors (Kanai and
Rees, 2011). For instance, ﬁndings have shown that anatomical
differences underlie variability in empathy (Banissy et al., 2012;
Lai et al., 2012), political orientation (Kanai et al., 2011), time per-
ception (Hayashi et al., 2014), sensitivity to pain (Emerson et al.,
2014), working memory, and attention (Machizawa et al., 2010;
Soto et al., 2014), moral values (Lewis et al., 2012) and numerical
processing (Cappelletti et al., 2014; Krause et al., 2014). Such stud-
ies were made possible through the development of non-invasive
structural magnetic resonance imaging (sMRI) techniques, which
allow in vivo examination of differences in brain morphology
between people. The two most commonly used approaches are
voxel-based morphometry (VBM) and diffusion tensor imaging
(DTI). Whereas VBM involves examining differences in grey mat-
ter (GM)volume, density and concentration at particular locations
in the brain using spatially normalized sMRI images (Ashburner
and Friston, 2000), DTI is used to detect individual differences
in the integrity of brain white matter (WM) ﬁbers reﬂecting
variation in behavior (Johansen-Berg, 2010), through examining
fractional anisotropy (FA), or the extent to which water diffusion
along axons is uniform (Mori and Zhang, 2006). In addition to
measuring diffusion anisotropy, other common measures which
offer greater insight into brain WM structure include investigat-
ing mean diffusivity of water and diffusion perpendicular (radial
diffusion) and parallel (axial diffusion) to WM ﬁbers (Alexander
et al., 2007).
With the growing evidence base highlighting phenotypic
implications of variability in brain structure and advances in
computational techniques, it has never been more scientiﬁcally
relevant and interesting to explore what contributes to individual
differences in brain structure. Findings from studies which have
empirically examined the antecedents of morphological differ-
ences using various research designs and sMRI techniques support
the notion that an individual’s brain architecture emerges as a
complex dialog between their genes and environment, fuelling
the growing suspicion that the age-old nature versus nurture
dichotomy is too simplistic. As brain structure underlies much
variation in behavior, studying it as an intermediate phenotype
and gene-environment effects on morphology as a pathway is
important, as this simpliﬁes the challenge of linking speciﬁc gene-
environment effects to phenotypes and deepens our insight into
the potential causes of variation underlying typical and atypical
behavior.
This review aims to evaluate the literature on whether and
how genes and the environment contribute to individual dif-
ferences in adult brain structure. It will ﬁrst consider evidence
from twin, genome-wide association, cross-sectional and lon-
gitudinal studies, to explore how genetic and environmental
effects may separately and differentially contribute to brain mor-
phology. Evidence for structural changes resulting from the
interplay between genetic and environmental factors, charac-
terized as gene-environment interactions and correlations, will
then be reviewed. Although there is an abundance of research
examining the prenatal and developing brain (e.g., Gilmore
et al., 2010), in particular the inﬂuence of sensitive periods,
a limited time during development in which environmen-
tal effects on brain structure is maximized (e.g., Knudsen,
2004), these are considered beyond the scope of this review,
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which will focus on evaluating research related to adult brain
structure.
GENETIC CONTRIBUTIONS TO INDIVIDUAL DIFFERENCES IN
BRAIN STRUCTURE
The bulk of the evidence for the involvement of genes in deter-
mining variation in brain structure emerges from twin studies.
The design is used to estimate heritability, or variance in partic-
ular brain regions that can be accounted for by genes (Wray and
Visscher, 2008), by comparing sMRI images from monozygotic
(MZ) and dizygotic (DZ) twins. As MZ and DZ twin pairs share
100 and 50% of their genes, respectively, and typically share envi-
ronments, differences between regions in MZ twins is assumed to
reveal environmental or gene-environment interplay effects and
differences between MZ and DZ twin pairs can be interpreted as
genetic differences.
Twin studies have demonstrated that variation in total brain
GM and WM volumes is highly heritable (82–90% heritability
within MZ pairs; Baaré et al., 2001). There is also increas-
ing evidence that genetic contributions differ across focal brain
areas. High heritability estimates have been found for thalamus
(80%), caudate nucleus (88%) and putamen (69%) volumes
(den Braber et al., 2013), WM density of the corpus callosum
(82%), GM density of the occipital cortex (83%) and amygdala
(55–80%; Hulshoff Pol et al., 2006),WM integrity of bilateral pari-
etal (84–85%), frontal (55–74%) and left occipital (76%) lobes
(Chiang et al., 2009), and GM density of frontal and linguis-
tic cortices (95–100%; Thompson et al., 2001). Moderate-high
estimates have been found for the hippocampus (40–70%; Sul-
livan et al., 2001; den Braber et al., 2013), moderate estimates
for the nucleus accumbens volume (44–61%; den Braber et al.,
2013) and low estimates for gyral patterning of the cortex (7–
17%; Bartley et al., 1997) and GM and WM surrounding the
lateral ventricles (up to 50%; Hulshoff Pol et al., 2006). There-
fore, genetic factors appear to primarily contribute to individual
differences in the morphology of evolutionarily recent structures
involved in higher-order functions, such as attention, cognition,
language, and visual processing. Further support for this asser-
tion comes from studies linking heritability of frontal GM density
with heritability of cognitive function (Thompson et al., 2001)
and demonstrating evidence for genetic mechanisms underly-
ing intellectual performance and WM integrity (Chiang et al.,
2009).
Although such research furthers our understanding of the
extent to which different structures in the brain are genetically
determined, many twin studies have limitations which make it
difﬁcult to ascertain the accuracy of heritability estimates and pre-
clude strong conclusions regarding genetic inﬂuences on brain
structure. One such limitation is that sample sizes are typically
quite small (e.g., 19 and 20 twin pairs in Bartley et al. (1997) and
Thompson et al. (2001), respectively). Thus many twin studies
lack the statistical power needed to accurately test for environ-
mental effects. Additionally, twin studies measure overall genetic
and environmental contributions rather than the inﬂuence of
particular genes on individual differences in brain structure. A fur-
ther critique concerns the twin study design, which makes many
assumptions, for instance, thatMZandDZ twin pairs share similar
environments (Charney, 2008). In reality, it is conceivable that as
MZ twins tend to be treated more similarly (Loehlin and Nichols,
1976), this may cause them to have more similar characteristics
and brain structure.
An approach which overcomes many of these ﬂaws is
the Enhancing Neuroimaging Genetics through Meta-Analysis
(ENIGMA) project, which combines sMRI images from over
21,000 people with their genetic data gathered from genome-
wide association studies (GWAS), containing information on over
500,000 common genetic variants. This project not only achieves
the large sample necessary to detect moderate effect sizes and draw
robust conclusions, but is able to highlight speciﬁc genetic vari-
ants responsible for differences in brain regions. The largest brain
imaging study performed using data from the ENIGMA project
identiﬁed the rs7294919 genetic variant, which is associated with
a decreased bilateral hippocampal volume of 1.2% per risk allele
and the C allele of the rs10784502 variant in the HMGA2 gene,
which is linked to 0.5% larger intracranial volume and 1.3 higher
IQ points per allele (Stein et al., 2012).
Altogether, twin studies andGWAS have demonstrated support
for speciﬁc genetic variants contributing to individual differences
in distinct brain areas. However, such research is not typically
concerned with speciﬁc environmental effects on differences in
brain structure. In order to study this, these ﬁndings need to be
complemented with data from cross-sectional and longitudinal
research, which examine structural plasticity, or the evolved ability
of the adult brain to continuously alter its structure in response to
environmental inﬂuences (Zilles, 1992).
ENVIRONMENTAL CONTRIBUTIONS TO INDIVIDUAL
DIFFERENCES IN BRAIN STRUCTURE
Cross-sectional studies have demonstrated through comparing
cohorts of participants at a single time point that environmen-
tal inﬂuences, such as training or learning, are associated with
variation in brain regions related to the type of learning. For
example, compared to inexperienced control participants, expe-
rienced meditators have greater GM concentration in regions
relevant to meditation, such as the right anterior insula, right hip-
pocampus, and left inferior temporal gyrus (Hölzel et al., 2008),
experienced musicians have greater GM volumes in motor, pari-
etal and temporal regions (Gaser and Schlaug, 2003), London
taxi drivers have greater posterior hippocampal GM volumes,
which correlated with the number of years spent in the profession
(Maguire et al., 2000), professional ballet dancers have decreased
GM volumes in the left premotor cortex, putamen, and superior
frontal gyrus and decreased WM volume in the corpus callosum
(Hänggi et al., 2010) and academic mathematicians have greater
GM density in the inferior parietal and left inferior frontal lob-
ules (Aydin et al., 2007). Furthermore, even in non-expert adults
samples, greater FA in the fornix correlated with better recollec-
tion memory (Rudebeck et al., 2009) and decreased FA along the
pathway between the amygdala and ventromedial prefrontal cor-
tex has been associated with higher trait anxiety (Kim andWhalen,
2009).
Although cross-sectional studies illustrate links between envi-
ronmental inﬂuences and individual differences in brain struc-
ture, they provide insufﬁcient evidence for the causal impact of
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environmental effects, as it is not possible to determine whether
morphological differences are the cause or consequence of varia-
tion in experience. Longitudinal and intervention studies, which
allow experience to be manipulated and subtle changes to be mea-
sured within individuals over time, provide stronger evidence
for environment-induced changes in relevant brain regions (May,
2011).
Longitudinal studies using VBM and DTI [for a review, see
May (2011)] have demonstrated greater GM concentration in the
left hippocampus, posterior cingulate cortex, temporo-parietal
junction, and the cerebellum in participants who completed
an eight-week mindfulness meditation intervention but not in
control participants (Hölzel et al., 2011), greater posterior hip-
pocampal GM volumes in individuals who completed 4 years of
training to become London taxi drivers relative to controls (Wool-
lett and Maguire, 2011), GM increases in sensorimotor regions
and the parieto-occipital junction following 40 h of golf practice
(Bezzola et al., 2011), FA increases in individuals receiving eight
weeks intensive memory training versus controls (Engvig et al.,
2012) and GM increases in mid-temporal regions and the left pos-
terior intraparietal sulcus in participants trained for 3 months in
juggling versus controls (Draganski et al., 2004).
Altogether, evidence from cross-sectional and longitudinal
studies supports environmental experience as a contributor to
individual differences in brain structure. However, despite its
advantage over cross-sectional designs, many longitudinal exper-
iments contain ﬂaws. One weakness is that studies typically lack
an active control group, making it impossible to conclude that
changes are not a general learning effect, but speciﬁc to the
task (Thomas and Baker, 2013). Another limitation concerns
the lack of group by time point statistical interactions being
reported in many studies (Thomas and Baker, 2013); report-
ing only the presence of a signiﬁcant effect of time in the
experimental but not the control group is not decisive evidence
for a speciﬁc learning effect (Nieuwenhuis et al., 2011). Future
research should use rigorous experimental design and appro-
priate statistical tests, in order to advance our knowledge of
environmental contributions to individual differences in brain
structure.
Interestingly, although in need of improvement, many ﬁnd-
ings from cross-sectional and longitudinal studies mirror that
of GWAS and twin studies in demonstrating support for some
brain regions being more amenable to change than others. For
example, the hippocampus and gyral patterning of the cortex,
which are moderately heritable (Sullivan et al., 2001; Eckert et al.,
2002), have been shown to undergo learning-induced changes
(e.g., Hänggi et al., 2010; Hölzel et al., 2011). However, cross-
sectional studies have also found phenotypic differences related
to variation in frontal brain areas and the corpus callosum (e.g.,
Aydin et al., 2007; Hänggi et al., 2010), which are highly genetically
determined (e.g., Hulshoff Pol et al., 2006). This apparent con-
tradiction could be due to design limitations of existing studies,
plastic changes in these regions being genetically determined (May,
2011), or experience-induced changes not being dependent on the
degree of heritability of brain regions due to distinct mechanisms
underlying environmentally and geneticallycontrolled structural
modiﬁcations. When studying the contributions of nature and
nurture in isolation, we can only speculate about their combined
inﬂuence on focal brain regions. In order to construct a more
lucid picture of this process, attention needs to be directed
to research concerning the interplay between genes and the
environment.
GENE-ENVIRONMENT INTERPLAY AND INDIVIDUAL
DIFFERENCES IN BRAIN STRUCTURE
Studies which combine measured genetic and environmental
effects on brain structure are relatively new to cognitive neuro-
science. Progress in this line of research is slowed by the presence
of two interconnected but widely misunderstood concepts; inter-
action versus correlation between genetic and environmental
inﬂuences (see Figures 1A,B for an illustration). The majority
of studies have focused on studying gene-environment inter-
action (GxE), which is conceptualized as genetic control over
individual differences in how sensitive we are to environmen-
tal inﬂuences (Plomin et al., 1977). Receiving less attention is
gene-environment correlation (rGE),or genetic control of individ-
ual differences in exposure to environmental conditions (Plomin
et al., 1977). rGE is split into three categories: passive, active,
and evocative. Passive rGE arises from simply the genetic simi-
larity between parents and their biological offspring. For example,
children of musically gifted parents grow up being exposed to
an environment with many musical references. Active corre-
lation is associated with the tendency for individuals to seek
environments consistent with their genetic predisposition. For
instance, intelligent individuals might create situations that fur-
ther enhance their intellectual ability. Finally, evocative rGE
refers to differences in the reactions people elicit from their
environments. For example, someone who displays manipula-
tive behavior may be more likely to evoke high levels of negative
affect from others. Although both types of gene-environment
interplay are hugely interesting and worthy of study, reviewing
research of all the possible ways in which genetic and envi-
ronmental factors intertwine to inﬂuence brain morphology is
beyond the scope of this review. This section will focus on
evaluating GxE studies with reference to the wider context, in
which GxE is but one process by which nature and nurture
combine.
Geoffroy et al. (2013) recent systematic review identiﬁed two
main ways in which GxEs inﬂuence variation in brain volumes
in individuals diagnosed with schizophrenia (SZ). First, studies
have found an interaction between genetic liability to SZ and
pregnancy complications (PCs) on brain structure. For exam-
ple, Haukvik et al. (2010) found that an allele variation in a
SZ susceptibility gene, the GRM3 gene (rs13242038 variant), in
combinationwith severe PCs (fetal hypoxia), increased hippocam-
pal volume by on average 3.6% in both 54 SZ patients and
53 healthy control participants. Second, studies have demon-
strated an interaction between genetic susceptibility to SZ and
cannabis abuse, on brain WM volume. For instance, Ho et al.
(2011) found using 235 SZ patients that heavy cannabis use
coupled with the presence of genetic variants of cannabinoid
receptor 1 contributed to decreased WM volumes in parietal
lobes and impaired performance on a problem solving task.
These ﬁndings give us a glimpse into how genetic predispositions,
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FIGURE 1 | Diagrams depicting gene-environment interaction (A),
whereby genes modulate individual differences in sensitivity to
environmental influences and in turn brain structure, and
gene-environment correlation (B), whereby genes influence individual
differences in the types of environment we are exposed to and in turn
brain structure.
which modulate differences in sensitivity to environmental inﬂu-
ences, may result in individual differences in brain structure and
psychiatric phenotypes.
Despite these promising ﬁndings, the ﬁeld of GxE is poorly
explored, with most of the handful of extant studies focusing on
established interactions in clinical populations. The additional
presence of rGE slows progress in this area, as it suggests that
factors we assume are “environmental” may in fact be under
genetic control (Plomin et al., 1977). These correlations make
it challenging to conceptually disentangle nature and nurture
effects, to study the unique inﬂuences of genes, environment
and GxE on brain structure. The existence of both GxE and
rGE also questions the legitimacy of interpreting heritability
estimates from twin studies, as it cannot be determined which
genetic effects directly contribute to brain structure and which
indirectly inﬂuence morphology, through controlling an individ-
ual’s sensitivity or exposure to environmental inﬂuences. This
again underlines the importance of studying genetic and envi-
ronmental inﬂuences together, in order to draw valid conclusions
regarding how they contribute to individual differences in brain
structure.
CONCLUSIONS AND FUTURE DIRECTIONS
We reviewed the literature on genetic and the environmental con-
tributions to individual differences in adult brain structure, by
evaluating evidence from twin studies, GWAS, cross-sectional and
longitudinal studies, and studies testing GxEs. Speciﬁcally, this
paper demonstrated that both speciﬁc genetic factors and environ-
mental effects are important contributors. Additionally, relatively
novel GxE studies provide preliminary evidence for the role of
genes in modulating differences in sensitivity to environmental
inﬂuences, and in turn brain structure. As brain structure accounts
for much variability in behavior, such research serves to further
our understanding of the potential causes of typical and atypical
behavior.
The priority for future research is to improve upon method-
ological limitations of existing studies in order to tease apart nature
and nurture effects and present the strongest possible evidence for
genetic and environmental contributions to individual differences
in brain morphology. Other areas within this ﬁeld which remain
elusive include the speciﬁc microstructural processes involved in
environment-induced structural plasticity. Findings from animal
studies suggest changes may be mediated by neuronal remod-
eling (Lerch et al., 2011), synaptogenesis (Knott et al., 2006), or
changes in axonal boutons (Yamahachi et al., 2009). Research into
mechanistic pathways may also inform our understanding of the
temporal parameters governing structural changes, such as, when
they can ﬁrst be detected and how long they last.
In conclusion, it is clear that bothnature andnurture contribute
to individual differences in brain structure. However, a consensus
regarding the extent to which morphology is genetically or envi-
ronmentally determined and the roles of GxE and rGE has not yet
been reached.Although this lineof research is fraughtwith compli-
cations, it is too early to declare these challenges insurmountable,
as this is a relatively novel ﬁeld and developments within it have
been fast-paced. With the ever-increasing scale of genetic studies,
increasing sophistication of computational techniques and plum-
meting costs of genotype sequencing (Wetterstrand, 2013), the
prospects for successfully exploring how gene-environment asso-
ciations contribute to individual differences in brain structure have
never been brighter.
REFERENCES
Alexander,A. L., Lee, J. E., Lazar,M., andField,A. S. (2007). Diffusion tensor imaging
of the brain. Neurotherapeutics 4, 316–329. doi: 10.1016/j.nurt.20070.5.011
Ashburner, J., and Friston, K. J. (2000). Voxel-based morphometry – The methods.
Neuroimage 11, 805–821. doi: 10.1006/nimg.2000.0582
Aydin, K., Ucar, A., Oguz, K. K., Okur, O. O., Agayev, A., Unal, Z., et al.
(2007). Increased gray matter density in the parietal cortex of mathematicians: a
voxel-based morphometry study. AJNR Am. J. Neuroradiol. 28, 1859–1864. doi:
10.3174/ajnr.A0696
Baaré, W. F., Hulshoff Pol, H. E., Boomsma, D. I., Posthuma, D., de Geus, E. J.,
Schnack,H.G., et al. (2001). Quantitative geneticmodeling of variation in human
brain morphology. Cereb. Cortex 11, 816–824. doi: 10.1093/cercor/11.9.816
Banissy, M. J., Kanai, R., Walsh, V., and Rees, G. (2012). Inter-individual differences
in empathy are reﬂected in human brain structure. Neuroimage 62, 2034–2039.
doi: 10.1016/j.neuroimage.2012.05.081
Bartley, A. J., Jones, D. W., and Weinberger, D. R. (1997). Genetic variabil-
ity of human brain size and cortical gyral patterns. Brain 120, 257–269. doi:
10.1093/brain/120.2.257
Bezzola, L., Mérillat, S., Gaser, C., and Jäncke, L. (2011). Training-
induced neural plasticity in golf novices. J. Neurosci. 31, 12444–12448. doi:
10.1523/JNEUROSCI.1996-11.2011
Frontiers in Human Neuroscience www.frontiersin.org April 2014 | Volume 8 | Article 262 | 4
Gu and Kanai Individual differences in brain structure
Cappelletti, M., Chamberlain, R., Freeman, E. D., Kanai, R., Butterworth, B.,
Price, C. J., et al. (2014). Commonalities. for numerical and continuous quan-
tity skills at temporo-parietal junction. J. Cogn. Neurosci. 26, 986–999. doi:
10.1162/jocn_a_00546
Charney, E. (2008). Genes and ideologies. Perspect. Politics 6, 299–319.
Chiang, M., Barysheva, M., Shattuck, D. W., Lee, A. D., Madsen, S. K., Avedis-
sian, C., et al. (2009). Genetics of brain ﬁber architecture and intellectual
performance. J. Neurosci. 29, 2212–2224. doi: 10.1523/JNEUROSCI.4184-
08.2009
den Braber, A., Bohlken, M. M., Brouwer, R. M., van ‘t Ent, D., Kanai, R.,
Kahn, R. S., et al. (2013). Heritability of subcortical brain measures: a perspec-
tive for future genome-wide association studies. Neuroimage 83, 98–102. doi:
10.1016/j.neuroimage.2013.06.027
Draganski, B., Gaser, C., Busch, V., Schuierer, G., Bogdahn, U., and May, A. (2004).
Neuroplasticity: changes in greymatter induced by training. Nature 427, 311–312.
doi: 10.1038/427311a
Eckert, M. A., Leonard, C. M., Molloy, E. A., Blumenthal, J., Zijdenbos, A., and
Giedd, J. N. (2002). The epigenesis of planum temporale asymmetry in twins.
Cereb. Cortex 12, 749–755. doi: 10.1093/cercor/12.7.749
Emerson, N. M., Zeidan, F., Lobanov, O. V., Hadsel, M. S., Martucci, K. T.,
Quevedo, A. S., et al. (2014). Pain sensitivity is inversely related to regional
grey matter density in the brain. Pain 155, 566–573. doi: 10.1016/j.pain.2013.
12.004
Engvig, A., Fjell, A. M.,Westlye, L. T., Moberget, T., Sundseth, Ø., Larsen,V. A., et al.
(2012). Memory training impacts short-term changes in aging white matter: a
longitudinal diffusion tensor imaging study. Hum. Brain Mapp. 33, 2390–2406.
doi: 10.1002/hbm.21370
Gaser, C., and Schlaug, G. (2003). Brain structures differ between musicians and
non-musicians. J. Neurosci. 23, 9240–9245.
Geoffroy, P. A., Etain, B., and Houenou, J. (2013). Gene X Environment interac-
tions in schizophrenia and bipolar disorder: evidence from neuroimaging. Front.
Psychiatry 4:136. doi: 10.3389/fpsyt.2013.00136
Gilmore, J. H., Schmitt, J. E., Knickmeyer, R. C., Smith, J. K., Lin, W., Styner,
M., et al. (2010). Genetic and environmental contributions to neonatal brain
structure: a twin study. Hum. Brain Mapp. 31, 1174–1182. doi: 10.1002/hbm.
20926
Grossman, A. W., Aldridge, G. M., Lee, K. J., Zeman, M. K., Jun, C. S.,
Azam, H. S., et al. (2010). Developmental characteristics of dendritic spines
in the dentate gyrus of Fmr1 knockout mice. Brain Res. 1355, 221–227. doi:
10.1016/j.brainres.2010.07.090
Hänggi, J., Koeneke, S., Bezzola, L., and Jäncke, L. (2010). Structural neuroplasticity
in the sensorimotor network of professional female ballet dancers. Hum. Brain
Mapp. 31, 1196–1206. doi: 10.1002/hbm.20928
Haukvik, U. K., Saetre, P., McNeil, T., Bjerkan, P. S., Andreassen, O. A., Werge, T.,
et al. (2010). An exploratory model for GxE interaction on hippocampal volume
in schizophrenia; obstetric complications and hypoxia related genes. Prog. Neu-
ropsychopharmaco. Biol. Psychiatry 34, 1259–1265. doi: 10.1016/j.pnpbp.2010.
07.001
Hayashi, M. J., Kantele, M., Walsh, V., Carlson, S., and Kanai, R. (2014).
Dissociable neuroanatomical correlates of subsecond and suprasecond time
perception. J. Cogn. Neurosci. doi: 10.1162/jocn_a_00580 [Epub ahead of
print].
Ho, B., Wassink, T. H., Ziebell, S., and Andreasen, N. C. (2011). Cannabinoid
receptor 1 gene polymorphisms and marijuana misuse interactions on white
matter and cognitive deﬁcits in schizophrenia. Schizophr. Res. 128, 66–75. doi:
10.1016/j.schres.2011.02.021
Hölzel, B. K., Carmody, J., Vangel, M., Congleton, C., Yerramsetti, S. M., Gard,
T., et al. (2011). Mindfulness practice leads to increases in regional brain gray
matter density. Psychiatry Res. 191, 36–43. doi: 10.1016/j.pscychresns.2010.
08.006
Hölzel, B. K., Ott, U., Gard, T., Hempel, H., Weygandt, M., Morgen, K.,
et al. (2008). Investigation of mindfulness meditation practitioners with voxel-
based morphometry. Soc. Cogn. Affect. Neurosci. 3, 55–61. doi: 10.1093/scan/
nsm038
Hulshoff Pol, H. E., Schnack, H. G., Posthuma, D., Mandl, R. C. W., Baaré, W. F.,
Van Oel, C., et al. (2006). Genetic contributions to human brain morphology
and intelligence. J. Neurosci. 26, 10235–10242. doi: 10.1523/JNEUROSCI.1312-
06.2006
Johansen-Berg, H. (2010). Behavioural relevance of variation in white matter
microstructure. Curr. Opin. Neurol. 23, 351–358. doi: 10.1097/WCO.0b013e3283
3b7631
Kabat-Zinn, J. (1990). Full Catastrophe Living: Using The Wisdom of Your Body And
Mind To Face Stress, Pain And Illness. New York, NY: Delacorte.
Kanai, R., Feilden, T., Firth, C., and Rees, G. (2011). Political orientations are
correlated with brain structure in young adults. Curr. Biol. 21, 677–680. doi:
10.1016/j.cub.2011.03.017
Kanai, R., and Rees, G. (2011). The structural basis of inter-individual differ-
ences in human behaviour and cognition. Nat. Rev. Neurosci. 12, 231–242. doi:
10.1038/nrn3000
Kim, M. J., and Whalen, P. J. (2009). The structural integrity of an amygdala–
prefrontal pathway predicts trait anxiety. J. Neurosci. 29, 11614–11618. doi:
10.1523/JNEUROSCI.2335-09.2009
Knott, G. W., Holtmaat, A., Wilbrecht, L., Welker, E., and Svoboda, K. (2006). Spine
growth precedes synapse formation in the adult neocortex in vivo. Nat. Neurosci.
9, 1117–1124. doi: 10.1038/nn1747
Knudsen, E. I. (2004). Sensitive periods in the development of the brain
and behavior. J. Cogn. Neurosci. 16, 1412–1425. doi: 10.1162/089892904
2304796
Krause, F., Lindemann, O., Toni, I., and Bekkering, H. (2014). Different brains
process numbers differently: structural bases of individual differences in spa-
tial and non-spatial number representations. J. Cogn. Neurosci. 968–976. doi:
10.1162/jocn_a_00518
Lai, M., Lombardo, M. V., Chakrabarti, B., Ecker, C., Sadek, S. A.,Wheelwright, S. J.,
et al. (2012). Individual differences in brain structure underpin empathizing–
systemizing cognitive styles in male adults. Neuroimage 61, 1347–1354. doi:
10.1016/j.neuroimage.2012.03.018
Lerch, J. P., Yiu, A. P., Martinez-Canabal, A., Pekar, T., Bohbot, V. D., Frank-
land, P. W., et al. (2011). Maze training in mice induces MRI-detectable brain
shape changes speciﬁc to the type of learning. Neuroimage 54, 2086–2095. doi:
10.1016/j.neuroimage.2010.09.086
Lewis, G. J., Kanai, R., Bates, T. C., and Rees, G. (2012). Moral values are associated
with individual differences in regional brain volume. J. Cogn. Neurosci. 24, 1657–
1663. doi: 10.1162/jocn_a_00239
Loehlin, J. C., and Nichols, R. C. (1976). Heredity, Environment, And Personality.
Austin: University of Texas Press.
Machizawa, M., Kanai, R., Rees, G., and Driver, J. (2010). Cortical
anatomy relates to individual differences in dissociable aspects of attention
and visual working memory capacity. J. Vis. 10, 775. doi: 10.1167/10.
7.775
Maguire, E. A., Gadian, D. G., Johnsrude, I. S., Good, C. D., Ashburner, J.,
Frackowiak, R. S. J., et al. (2000). Navigation-related structural change in the
hippocampi of taxi drivers. Proc. Natl. Acad. Sci. U.S.A. 97, 4398–4403. doi:
10.1073/pnas.070039597
May, A. (2011). Experience-dependent structural plasticity in the adult
human brain. Trends Cogn. Sci. 15, 475–482. doi: 10.1016/j.tics.2011.
08.002
McCarney, R.,Warner, J., Iliffe, S., van Haselen, R., Grifﬁn, M., and Fisher, P. (2007).
The Hawthorne Effect: a randomised, controlled trial. BMC Med. Res. Methodol.
7:30. doi: 10.1186/1471-2288-7-30
Mori, S., and Zhang, J. (2006). Principles of diffusion tensor imaging and
its applications to basic neuroscience research. Neuron 51, 527–539. doi:
10.1016/j.neuron.2006.08.012
Nieuwenhuis, S., Forstmann, B. U., and Wagenmakers, E. J. (2011). Erroneous
analyses of interactions in neuroscience: a problem of signiﬁcance. Nat. Neurosci.
14, 1105–1107. doi: 10.1038/nn.2886
Plomin, R., DeFries, J. C., and Loehlin, J. C. (1977). Genotype-environment interac-
tion and correlation in the analysis of human behavior. Psychol. Bull. 84, 309–322.
doi: 10.1037/0033-2909.84.2.309
Rudebeck, S. R., Scholz, J., Millington, R., Rohenkohl, G., Johansen-Berg,
H., and Lee, A. C. (2009). Fornix microstructure correlates with recol-
lection but not familiarity memory. J. Neurosci. 29, 14987–14992. doi:
10.1523/JNEUROSCI.4707-09.2009
Soto, D., Rotshtein, P., and Kanai, R. (2014). Parietal structure and
function explain human variation in working memory biases of visual
attention. Neuroimage 89, 289–296. doi: 10.1016/j.neuroimage.2013.
11.036
Frontiers in Human Neuroscience www.frontiersin.org April 2014 | Volume 8 | Article 262 | 5
Gu and Kanai Individual differences in brain structure
Stein, J. L., Medland, S. E., Vasquez, A. A., Hibar, D. P., Senstad, R. E., Win-
kler, A. M., et al. (2012). Identiﬁcation of common variants associated with
human hippocampal and intracranial volumes. Nat. Genet. 44, 552–561. doi:
10.1038/ng.2250
Sullivan, E. V., Pfefferbaum, A., Swan, G. E., and Carmelli, D. (2001). Heritability
of hippocampal size in elderly twin men: equivalent inﬂuence from genes and
environment. Hippocampus 11, 754–762. doi: 10.1002/hipo.1091
Thomas, C., and Baker, C. I. (2013). Teaching an adult brain new tricks:
a critical review of evidence for training dependent structural plastic-
ity in humans. Neuroimage 73, 225–236. doi: 10.1016/j.neuroimage.2012.
03.069
Thompson, P.M.,Cannon,T.D.,Narr,K. L., Erp,T.V., Poutanen,V. P.,Huttunen,M.,
et al. (2001). Genetic inﬂuences on brain structure. Nat. Neurosci. 4, 1253–1258.
doi: 10.1038/nn758
Wetterstrand, K. A. (2013). DNA Sequencing Costs: Data from the NHGRI Genome
SequencingProgram(GSP).Avaliable at: http://www.genome.gov/sequencingcosts
[accessed January 10, 2014].
Woollett, K., and Maguire, E. A. (2011). Acquiring “the Knowledge” of Lon-
don’s layout drives structural brain changes. Curr. Biol. 21, 2109–2114. doi:
10.1016/j.cub.2011.11.018
Wray, N. and Visscher, P. (2008). Estimating trait heritability. Nat. Educ. 1, 29.
Yamahachi, H., Marik, S. A., McManus, J. N. J., Denk, W., and Gilbert, C. D. (2009).
Rapid axonal sprouting and pruning accompany functional reorganization in
primary visual cortex. Neuron 64, 719–729. doi: 10.1016/j.neuron.2009.11.026
Zilles, K. (1992). Neuronal plasticity as an adaptive property of the central nervous
system. Ann. Anat. 174, 383–391. doi: 10.1016/S0940-9602(11)80255-4
Conflict of Interest Statement: The authors declare that the researchwas conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 27 February 2014; paper pending published: 21 March 2014; accepted: 09
April 2014; published online: 28 April 2014.
Citation: Gu J and Kanai R (2014) What contributes to individual differences in brain
structure? Front. Hum. Neurosci. 8:262. doi: 10.3389/fnhum.2014.00262
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 Gu and Kanai. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Human Neuroscience www.frontiersin.org April 2014 | Volume 8 | Article 262 | 6
